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Light emitted from a cathode-ray tube (CRT) is comprised of reflected environ-
mental light incident upon the CRT system and light generated at the phosphor
screen and transmitted through the CRT system. The total photon energy which
leaves the system and those energies which are dissipated in the various elements
of the CRT system are derived. An expression for the contrast ratio of the CRT

system is also presented and discussed.

l. Introduction

Photons generated by the impingement of electrons
upon the phosphorescent material of the phosphor screen
pass through the cathode-ray tube (CRT) system as out-
put light. A fraction of the photons from the environment
(ambient light) incident upon the CRT system is reflected
from the CRT system and contributes light to the gen-
erated output light. The combination of these two outputs
makes up the total light emitted from the CRT system.
A common CRT system is comprised of a phosphor screen,
a glass faceplate, and a filter screen which is utilized to
enhance the contrast ratio of the CRT system.

When light, either generated at the phosphor screen or
entering from the ambient, encounters an element of the
CRT system, its energy is partially transformed into heat
due to the energy-absorbing nature of the CRT element.
The remaining energy is partially transmitted if the ele-
ment is not opaque, and the residual portion is reflected.
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Conservation of the total energy for this process can be
expressed by

a(d) Fr(V)+p(1) =1 1)

where a (A), 7(X), and p () are, respectively, the absorp-
tivity, transmissivity, and reflectivity coefficients at wave-
length A of the element (Ref. 1).

Since light undergoes an infinite number of reflections
in a CRT system, it follows that there occurs an infinite
number of sequential events differentiated by absorp-
tion, transmission, and reflection mechanics. These series
describe the total energy transformations within the CRT
system.

The analysis in this article is divided into two sections,
the energies resulting from the environmental light inci-
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dent upon the system, and the energies resulting from the
light generated by the system. In these analyses, all
the energies transmitted and reflected from the system,
and all the energies dissipated by absorption processes by
the phosphor screen, the glass faceplate, and the filter
screen elements are considered.

li. Energies From Environmental Light

Consider a coherent beam of light at wavelength A
incident upon the CRT system. The energy E (A) of this
light is

EMN =n(\hv @)

where n (A) represents the number of photons at A, A is
Planck’s constant, and v is the frequency of light. The fre-
quency may be expressed as the velocity of light in the
medium divided by the wavelength. Using ¢ and A as
representing the velocity and wavelength of light, respec-
tively, under vacuum conditions, the frequency of light
may then be written as

v=- (3)

Since the velocity of light in standard air is so nearly
equal to the velocity of light in vacuum, for practical pur-
poses, the wavelength of light in the two mediums shall
be considered equal and shall not be differentiated in
this study.

The fraction of the total light energy transmitted
through the filter screen and incident upon the faceplate
is 74 (A) E (1), where 7, () is the transmissivity coeflicient
at A of the screen and the direction of incidence is taken
to be normal. The remaining energy «;(A) E(\) is ab-
sorbed by the screen. Since the reflectivity coefficient of a
filter screen is negligibly low, the energy absorbed by the
screen can be rewritten as [1 — =, (\)] E ()).

Continuing with the light incident upon the glass face-
plate, the portion p, (A) 7; (A) E (A) is reflected from the
outer surface of which p, (1) 77 (A) E (A) is transmitted
back through the screen as the first term of the total light
output from the system contributed by the environment
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light. While [1 — p,(A)] 7/ (A) E (A) enters into the face-
plate, [1 — 7, (A\)] [1 — py (A\)] 7 (A) E (A) is absorbed by
the faceplate and 7, (A) [1 — p, (A\)] =; (A) E (\) = E, is inci-
dent upon the surface of the inner faceplate (phosphor
screen side).

Of E,, the portion p, () E, is reflected and [1—p, (A\)] E;
is the energy finally incident upon the phosphorescent
material.

The phosphorescent material absorbs and reflects inci-
dent energy since its transmissivity coeflicient is essen-
tially zero. Thus, for every beam incident upon its surface,
a fraction [1 — p; (A)] is absorbed, and p, (1) is reflected.
Subsequently, a portion of the reflected beam is re-
reflected from the inner surface of the faceplate back
for another reflection from the phosphorescent material.
Thus, an infinite series of subsequent reflection and
absorption energy sequential events occurs. It can be
shown that the series of energy reflections and absorp-
tions can be expressed in the form such that the sum
total energy of E; which is reflected from the faceplate
and phosphor screen into the faceplate at the inner side
is F,;(A) E,, where

_ Ps (\) [1-— Py ()‘)]2
F,(\) = pg(2) + L—py(A) ps (N)

(4)

The total amount of energy E, which is absorbed by the
phosphorescent material is F, (A) E;, where

= (10~ ()
L SNy ®)

and F,(\) + F,(\) = L

As the reflected beam F, (1) E; passes through the face-
plate, [1 — 7, (A)] F,(\) E, is absorbed by the faceplate,
and [1—p, (A)] 7, (A) F, (A) E, emerges from the outer sur-
face of the faceplate toward the filter screen. However,
ps (A) 74 (A) Fy (A) E, is the portion of energy reflected from
the outer surface of the faceplate toward the phosphor
screen for another series of reflections and dissipations.
By continuing similar arguments for the reflected beam,
series expressions for these energies which are dissipated
and transmitted in the various elements of the CRT sys-
tem can be developed. These series are given below for a
monochromatic beam of light.

93



A. Light Energy Output

The total energy L, (A) emerging from the CRT system is the series of energies formulated from the analysis above, as
follows:

L, ()\) = 1} ()\) Pa( )E()‘) + 7 ()\> [1- Py()\)]zTg(A) Fg(’\)E(’\)
oo (W) 7F (M) [1 = pg (V]2 75 (M) F3(A) E (A)
T oM)W L= pe W) FE(MNEQR) + - - (6)

which can be written ag

(L= p (M5 (M) F, (V)
L) = EW {0 + SRR @
B. Energy Dissipated Into the Filter Screen
The total energy L, (1) dissipated into the filter screen in the form of thermal energy is
L) =[1=nWIEMX) +p, (V) 7, (V) [1— 7, (AN E()
F L= pe M5 (N) Fy () [1 =7 (W] 7, (W E(A)
= pe M5 W) F5(0) oy W) [T =7, (V] 7, (WEQ) + - - - (8)
resolving to
_ 1= oM7) Fo(A) 7, (V)
L) = 1= 5 LB {1+ o 0) (1) + B QAW ) } ©)
C. Energy Absorbed by the Glass Faceplate
The total energy L, () absorbed by the glass faceplate is written as
Ly(A) = [1 =7, (W] = pys ()], (A) E ()
I =7 (VI = oy (NI 7/ (W) 73(2) py (M) Fy (A) E (A)
=ML =M 7 (W) 74 () (WFRNEQ) + - - -
F =7 ML = oy (MT 7 (\) 7y (V) Fy (\) E (3)
T =L = (W] (W) 73 (M) g (A) FE (W E (M) + - - - (10)
which becomes
Ly = Lo Q11— oy W] [1+ Fy () 5 ()] 7, ) E (1) ”

L=, (W) Fy () 75 (3)
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D. Energy Absorbed by the Phosphor Screen

The total energy L, (A) absorbed by the phosphor
screen is similarly a series of energies which, when com-
bined, results in the following equation:

FeW)rgM) 1 W) [~ pgWIEQ)

S TPV ACVETEY 12
Energy is conserved since
E(M) = L)+ L;(A) + Ly () + Ly (A) (13)

lll. Energies From Generated Light

Let a coherent beam of light having wavelength A be
generated at the surface of the CRT phosphor screen by
the impingement of electrons upon the phosphorescent
material. The energy E, (1) of this beam of light may be
expressed by

E,(\)=n,(Mhv (14)
where n, (\) is the number of photons generated.

Of the beam of light which impinges upon the inner
surface of the glass faceplate, the portion p, (1) E;()) is
reflected and the remaining portion [1 — p, ()] E; (A)
passes into the faceplate. Direction to the faceplate sur-
face is assumed to be normal. The reflected portion inci-
dent upon the phosphor screen is partially absorbed by
an amount equal to [1 — p; (A\)] p, (A) E; (1) and the other
portion ps (A) p, (A) E,; (1) is reflected back upon the inner
faceplate surface.

This reflected beam undergoes a similar reflection and
absorption sequence between the faceplate and phos-
phor screen, resulting in an infinite number of sequential
events. The combined series of energies passing into the
faceplate may be expressed by the form K, (\) E (a),
where

Kg()\)— I_Pgu)

1= Ps ()‘) Py ()‘) (15)

Similarly, the total energy absorbed by the phosphores-
cent material by all these primary sequential reflections
and absorptions is K, (A) E, (A), where

1= p )]
DA EPA PREY 1o
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Of K, (A) E, ()), the portion absorbed by the faceplate is
[1—7,(A)] K, (A) E, (1) and the remaining portion E, (\)=
74 (A) K, (A) E, (A) becomes incident upon the outer surface
of the faceplate. Of E, (1), the portion [1 — p; (A\)] E, ()
passes onto the filter screen and p, (\) E, (1) is reflected
back toward the inner surfaces of the faceplate. The
amount 7, (A) p, (\) E, (1) incident upon the inner surface
is then divided into two light beams, one beam passing
through the inner surface to the phosphor screen for sec-
ondary reflections back through the system, and one beam
reflected to the outer surface.

It can be reasoned that the primary light beam
K, (A\) E, (\) entering into the faceplate undergoes an
infinite number of reflections from the inner and outer
surfaces of the faceplate, and for each sequence of reflec-
tions, some fraction of light is passed toward the phos-
phor screen or toward the filter screen respective of the
inner or outer faceplate surface. In the interim of these
reflections within the faceplate, a series of energies is
absorbed by the faceplate. Thus, three total energies from
the primary light beam entering the faceplate from the
inner side occur: (1) a total energy reflected from the face-
plate toward the phosphor screen E;, (1), (2) a total energy
passed from the faceplate toward the filter screen E; (1),
and (3) a total energy absorbed by the glass faceplate
E,(\). These series of energies are combined and formu-
lated as follows:

Eph ()\) — [1 Py ()‘i]fgg\z;)gf);zgg (}‘> E (M (17)

[1 Py ()\)] 79 ()\) Kg ()*) E ()\>
1—(0)ps (V)

E;(x)= (18)

[1 — Tyg ())] [1 + py ()\) Ty ()\)] Ky (A)EO‘)
1 — 75 (0) p5 (A)

E,(») = (19)

Of the beam E; (A), the portion [1 — 7, (A)] E;(A) is ab-
sorbed by the filter screen, and r; (A) E (1) finally emerges
from the CRT system as light.

Continuing back at the inner surface of the faceplate,
after E, (\) impinges upon the phosphor screen, a por-
tion [1— p,(A)] E;n(A) is absorbed by the phosphores-
cent material, and the remainder p, (A) Ex () is reflected
back toward the faceplate. This reflected portion under-
goes an infinite number of reflections and absorptions
between the faceplate and phosphor screen similar to that
undergone by E, (1), which was described in the above
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analysis. Thus, K, () ps (A) E, (A) is absorbed by the
phosphorescent material, and K, (1) p, (\) E (\) enters into
the faceplate, which in turn undergoes interreflections
between the inner and outer surface similar to the above
analysis (Eqs. 17-19). Again, a portion of this energy
entering the faceplate will be divided into three portions:
(1) a portion reflected back to the phosphor screen; (2) a
portion absorbed by the faceplate; and (3) a portion pass-
ing from the outer surface of the faceplate, being partially

3

A. Light Energy Output

absorbed by the filter screen and the remaining energy
finally emerging from the CRT system as a term of the
series of light output.

Another set of terms can be similarly developed to fur-
ther the expression of the energy terms evolved from the
interreflections of the phosphor and faceplate surfaces.
The energy series for each element are given below.

The total energy T, (1) of the light emerging from the CRT system is expressed as

ry () = L e 7 () 7y (V) Ky () By (3)

n (1= py (NI (W) 15 (W) K3 (M) py () po (M) E ()

1 —23(A) p5 ()

which becomes

[1— 2 (%) p2 )7 oo Q0

[L—pg (V] (M) 7e (N Ky (M) Eg ()

where

B. Energy Dissipated Into the Filter Screen

The total energy T (1) dissipated into the filter screen is

T (A) =

which reduces to

T, (A) = om (21)
1o (A) — pE (W) 15 (N) — ps (M) pg (\) 73(A) + 2 p3 (M) ps (A) 72 ()
Q= 1= 5. 0 o V) #2)
(1= 7 111 =y (4] 5 (1) Ky () By )
[T (0) 3 (V)]
L= 1T = I KS () () 750 £ ) By ()
1= 30 g
(1= m W11 = 5 PR ) BN BV Eg () |
¥ (L= 500 i T * )
by = L QL= 0 0] 7, ) K, ) E, (1) 2
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C. Energy Absorbed by the Glass Faceplate

The total energy T, (1) absorbed by the glass faceplate may be formulated in a series of energies as follows:

[1 79 (/\)] []- + pg ()\) Tg ()\)] Ky ()\) Ey ()\)

P )= T= () ()

-+

[1— 7y WL+ py (M) 79 (W] ps (V) 0y (M) 75 (M) [1 — p, (W] K3 (A) E, (V)

[1—+5(x) p5 (V)]

n (L= 7y (VT A+ po (M) 7y (M p3 () p5 (V) 75 (W) [1 — p, (V]2 K3 (A) E, (A) 4
[1 =75 (A) o5 (V)]?

-~

which resolves to

Ty(d) =

[1 T T (M] [l + Py (’\) Tg (A)] Kg ()‘) Eg ()‘)

(25)

D. Energy Absorbed by the Phosphor Screen

oM (26)

The total energy T, (1) absorbed by the phosphor screen is similarly reduced from a series to the following form:

[L—ps (M5 (V) Ky(?t)] [[1 — (Ml (N) E (/\)]
T,(\)=|[1+ 27
w=] o0 T= 0 () 20 V) )
Again, energy is conserved since
E;(A) =To(A) + T (A) + Tg(A) + Ta (1) (28)
1V. Total Energies B. Total Energy Dissipated Into the Filter Screen (E;);
The total energies produced by both the environmental s
light incident upon the CRT system and the light gen- (E¢); = / [L; (X)) + Ty (0)] da (30)
Aq

erated by the CRT system in the forms of light output
and energy absorptions by the CRT elements can be
obtained by summating the energies produced for each
form. Let d (E.), at A represent the total light energy out-
put for the considered sample in the wavelength region
of A and A + d\. Thus, the incremental energy d (E;),/dA
at A is the sum of the monochromatic energies L, () and
Ty () (Sections II-A and III-A). By integrating this result
over a given spectrum (X, to A.), the total light energy out-
put from the CRT system over that spectrum is obtained.
Thus, the total light energy output and total energies
absorbed in each element can be written as follows.

A. Total Light Energy Output (E,),
Ay
B9 = [ L)+ o] ax (29)
M
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C. Total Energy Absorbed by the Glass Faceplate (E;),

wm=£ﬁum+nmwx (31)

D. Total Energy Absorbed by the Phosphor Screen (E),

mmzﬂﬂmm+nunw (32)

V. Contrast Ratio

The contrast ratio of the CRT system is defined as the
quotient of the maximum luminance divided by the mini-
mum luminance. Luminance output from a CRT system
can be varied by modulating the flux of electrons incident
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upon the phosphor screen. By assigning G to represent
the maximum degree of photometric modulation or gain
of the CRT system, it follows that the maximum and mini-
mum number of photons generated by the electron beam
are related by G according to the equivalent

[ng ()‘)]max =G [ng ()\)]min (33)

The maximum light energy output can be expressed,
from Eq. (29), as

[(E o Tmes = / L)+ [0 W) dh (39)

The minimum light energy output from the CRT system
is then

A [Ty (A)]max

O

Converting these energies to luminance by introducing
the luminous efficacy K, the contrast ratio C, of the CRT
system, including environmental light, can now be written
as follows:

} dr  (35)

/ K0 (Lo (A) + [To (V)]na) da
C, = Ju (36)

[T rm{ow + L=t g,

VI. Discussion and Conclusion

It is apparent that Eq. (36) is too involved to be used
to practically estimate the contrast ratio performance of
a CRT system. For reasons of simplification, it shall be
assumed that the distribution of n (1) and n, (A) with
respect to A is uniform. This permits the assignment of an
average value over the considered spectrum for each
optical property of the various elements of the CRT sys-
tem. For example, the average transmissivity coefficient
7 of the filter screen under this condition can be written as

Az

7r(A) dr

A
Y (37)

T =

Equation (36), under these conditions, can then be modi-
fied to the form

= L, +T,

T ¥ (fo)max

(38)
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where the bar over each total energy signifies that aver-
age values for the optical properties are used.

By including only the primary reflections (first-order
terms) associated with the primary beams of the environ-
mental light and generated light of the CRT system, an
expression for the contrast ratio (C,)” which includes only
these first-order terms can be derived (Ref. 2). This expres-
sion is given as

= T kL Pmax
Ty =T (39)
Tr kL + G
where
k:?gﬁﬂ(ltﬁﬂ)+ﬁg (40)
Tg

and L and T are the luminance levels of the environmental
light and generated light, respectively. Also, the spectral
distributions of L and T are assumed to be equal.

It is of interest to compare the contrast ratio given
by Eq. (38), which includes the series of interreflection
effects upon the elements, with the contrast ratio given
by Eq. (39), which considers only the first-order effects
of the primary beam.

Representative values for the optical properties of a
typical CRT configuration which utilizes a P4 phosphor
is given in Table 1 (Ref. 2).

Assume that the selected CRT has a filter screen with a
mean transmissitivity 7; = 0.50. By substituting the values
for the properties (Table 1) into Eqs. (38) and (39), esti-
mated contrast ratios, including fractional differences, are
obtained. These ratios are shown in Table 2 for three dif-
ferent environmental lighting conditions.

It can be seen from Table 2 that the value of contrast
ratio using Eq. (39) results in a slightly higher contrast
ratio value than that which results from using Eq. (38).

Table 1. Optical property values of a typical CRT

Property Value
- 076
Ty 0.63
Po 0.04
G 33.00
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Table 2. Comparative results of contrast ratio

Lighting condition
Ratio
Dark Dim Bright
Environment-to-generated-
light ratio (L /T max) 0 0.10 1.00
C: (Eq. 38) 33.0 17.7 4.16
(C,Y (Eq. 39) 33.0 18.2 4.36
I — €¥1/E. 0 —0.028 —0.048

In the case where a filter screen is not used, the results
obtained from the two equations are about double those
shown in Table 2. It may be concluded that Eq. (39) may
be used to obtain a reasonably accurate estimate of the
contrast ratio capability of a CRT system. The results
obtained will be slightly optimistic.

For the CRT configuration described in Table 1, the
light output and energies dissipated in the various CRT
elements may be estimated from Egs. 28-31. Consider a
practical intensity of environmental light to be 10% as
great as the light generated by the CRT. Under these
conditions, the total photon energy (incident upon and
generated by the CRT system) would be porportioned as
follows: 32% is transmitted and reflected from the CRT
as light output, 36% is dissipated by the filter screen, 40%
is absorbed by the glass faceplate, and 2% is absorbed by
the phosphorescent material.

For a CRT system which has no filter screen, under the
same light conditions given above, the total photon energy
would be porportioned as follows: 65% is light output, 42%
is absorbed by the glass faceplate, and 3% is absorbed by
the phosphorescent material.
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